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Abstract. 
 
During development, neurons are acutely 
dependent on target-derived trophic factors for sur-
vival. This dependence on trophic support decreases 
dramatically with maturation in several neuronal popu-
lations, including sympathetic neurons. Analyses of 
nerve growth factor deprivation in immature and ma-
ture sympathetic neurons indicate that maturation 
aborts the cell death pathway at a point that is mecha-
nistically indistinguishable from 
 
Bax
 
 deletion. How-
ever, neither the mRNA nor protein level of BAX 
changes with neuronal maturation. Therefore, BAX 
must be regulated posttranslationally in mature neu-
rons.
Nerve growth factor deprivation in immature sympa-
thetic neurons induces two parallel processes: (a) a
protein synthesis–dependent, caspase-independent 
translocation of BAX from the cytosol to mitochondria, 
followed by mitochondrial membrane integration and 
loss of cytochrome 
 
c
 
; and (b) the development of com-
petence-to-die, which requires neither macromolecular 
synthesis nor BAX expression. Activation of both sig-
naling pathways is required for caspase activation and 
apoptosis in immature sympathetic neurons. In con-
trast, nerve growth factor withdrawal in mature sympa-
thetic neurons did not induce the translocation of either 
BAX or cytochrome 
 
c
 
. Moreover, mature neurons did 
not develop competence-to-die with cytoplasmic accu-
mulation of cytochrome 
 
c
 
. Therefore, inhibition of both 
BAX-dependent cytochrome 
 
c
 
 release and the develop-
ment of competence-to-die contributed to the loss of 
trophic factor dependence associated with neuronal 
maturation.
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Introduction
 
Programmed cell death resulting in apoptosis is a promi-
nent feature of the developing nervous system and may
contribute to several neuropathological conditions, such as
stroke, trauma, and neurodegenerative disorders (e.g.,
amyotrophic lateral sclerosis). During development, neu-
rons are acutely dependent on trophic factors for survival.
For example, sympathetic neurons require NGF for sur-
vival during late embryogenesis and the early postnatal
period. However, this dependence on target-derived tro-
phic support decreases dramatically with maturation
(Angeletti et al., 1971; Bjerre et al., 1975; Goedert et al.,
1978; Otten et al., 1979), a phenomenon recapitulated in
vitro. Neonatal sympathetic neurons maintained in culture
for 3–4 wk are resistant to apoptosis induced by NGF
withdrawal (Lazarus et al., 1976; Chun and Patterson,
1977). Several neuronal populations exhibit similar resis-
tance to trophic factor deprivation (Snider et al., 1992)
that probably serves an important role in the maintenance
of the adult nervous system, which if compromised, may
contribute to neurodegenerative diseases. The mecha-
nisms responsible for this decreased trophic factor depen-
dence are poorly understood.
Genetic and biochemical studies have identified several
critical regulators of apoptosis in mammals: caspases,
Apaf-1, and the BCL-2 family of proteins. In the mam-
malian nervous system, most naturally occurring pro-
grammed cell death requires the expression of BAX, a
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proapoptotic member of the BCL-2 family of proteins
(Deckwerth et al., 1996; Shindler et al., 1997; White et al.,
1998).
Analyses of the biochemical and molecular events in-
duced by trophic factor deprivation in immature and ma-
ture sympathetic neurons indicate that the latter are func-
tionally indistinguishable from 
 
Bax
 
-deficient cells (Easton
et al., 1997). That is, mature sympathetic neurons pheno-
copy 
 
Bax
 
2
 
/
 
2 
 
immature neurons: all known biochemical
and molecular events induced by trophic factor with-
drawal that occur upstream of the BAX/BCL-2 check-
point do so with similar kinetics in both 
 
Bax
 
2
 
/
 
2
 
 immature
and 
 
Bax
 
1
 
/
 
1
 
 mature neurons. However, neither the mRNA
nor protein level of BAX increases during NGF depriva-
tion–induced apoptosis in neonatal neurons (Greenlund et
al., 1995) or decreases with neuronal maturation (Easton
et al., 1997), suggesting that BAX is regulated posttransla-
tionally in both immature and mature sympathetic neu-
rons.
In immature sympathetic neurons, NGF deprivation
induces two parallel processes: (a) a protein synthesis–
dependent, caspase-independent translocation of BAX
(Putcha et al., 1999) from the cytosol to mitochondria, fol-
lowed by loss of mitochondrial cytochrome 
 
c
 
 (Deshmukh
and Johnson, 1998; Neame et al., 1998; Martinou et al.,
1999; Putcha et al., 1999); and (b) the development of
competence-to-die with cytoplasmic accumulation of cyto-
chrome 
 
c
 
, which requires neither macromolecular synthe-
sis nor BAX expression (Deshmukh and Johnson, 1998).
Activation of both pathways is required for caspase activa-
tion and apoptotic cell death in immature sympathetic
neurons. In this study, we examined whether decreased
trophic factor dependence in mature sympathetic neurons
results from inhibition of one or both of these pathways.
We found that NGF deprivation in mature sympathetic
neurons, which causes Jun NH
 
2
 
-terminal kinase (JNK) ac-
tivation and some immediate–early gene transcription
(Easton et al., 1997), did not induce the translocation of ei-
ther BAX or cytochrome 
 
c
 
. Moreover, mature neurons did
not develop competence-to-die with cytoplasmic accumu-
lation of cytochrome 
 
c
 
, even after prolonged periods of
NGF deprivation. Therefore, failure of both BAX-depen-
dent cytochrome 
 
c
 
 release and the development of compe-
tence-to-die caused the loss of trophic factor dependence
in mature sympathetic neurons.
 
Materials and Methods
 
Reagents
 
All reagents were purchased from Sigma Chemical Co. unless otherwise
stated. Collagenase and trypsin were purchased from Worthington Bio-
chemical. The caspase inhibitor boc-aspartyl(OMe)-fluoromethylketone
(BAF)
 
1
 
 was purchased from Enzyme Systems Products. Medium lacking
NGF (AM0) consisted of MEM with Earl’s salts (Life Technologies) sup-
plemented with 10% FBS, 2 mM 
 
L
 
-glutamine, 100 U/ml penicillin, 100 
 
m
 
g/
ml streptomycin, 20 
 
m
 
M fluorodeoxyuridine, 20 
 
m
 
M uridine, and 3.3 
 
m
 
g/ml
aphidicolin. AM50 medium consisted of AM0 medium plus 50 ng/ml
mouse 2.5S NGF (Harlan Bioproducts).
 
Sympathetic Neuronal Cultures
 
Primary cultures of sympathetic neurons were established from the supe-
rior cervical ganglia of each postnatal day-1 (P1) mouse by using previ-
ously described methods (Johnson and Argiro, 1983; Deckwerth et al.,
1996; Easton et al., 1997). Neurons were grown in AM50 for 
 
z
 
5 d (imma-
ture; 5 d in vitro [DIV 5]) or 
 
z
 
25 d (mature; DIV 25) and then either
maintained in AM50 or treated as follows: for NGF deprivation, cultures
were rinsed with AM0, followed by the addition of AM0 containing goat
anti–mouse 2.5S NGF neutralizing antiserum (anti-NGF) (Ruit et al.,
1990); for NGF deprivation in the presence of various reagents, 1 
 
m
 
g/ml
cycloheximide or 50 
 
m
 
M BAF, respectively, was added to AM0 containing
anti-NGF.
 
Immunocytochemistry
 
Neuronal cultures were immunostained as described previously (Easton
et al., 1997). Cytochrome 
 
c
 
 was detected with mouse monoclonal primary
antibodies (1:1,000) (PharMingen) and FITC-conjugated donkey anti–
mouse secondary antibody (1:300) (Jackson ImmunoResearch). BAX was
detected with a rat monoclonal primary antibody (1:250) (catalog number
13401A, lot M024742; PharMingen) and a Cy3-conjugated anti–rat sec-
ondary antibody (1:400) (Jackson ImmunoResearch).
 
Cell Counts: BAX and Cytochrome
c Immunocytochemistry
 
Sympathetic neurons that had been maintained in NGF for 5 or 25 DIV in
AM50 were deprived of NGF in the presence of the caspase inhibitor
BAF (as described above). At various times after deprivation, cultures
were fixed and immunostained with anti-BAX or anti–cytochrome 
 
c
 
 anti-
bodies. For each timepoint, the number of cells that had acquired a punc-
tate staining pattern for BAX or had lost the punctate staining pattern for
cytochrome 
 
c
 
 was determined by a blinded observer from a random sam-
pling of 200–250 cells. All experiments were conducted in the presence of
BAF to prevent any cell loss that would otherwise affect the counts.
 
Subcellular Fractionation
 
Sympathetic neurons (
 
z
 
10
 
6
 
) were harvested in 10 ml of isotonic fraction-
ation buffer (250 mM sucrose, 0.5 mM EDTA, 20 mM Hepes, 500 
 
m
 
M
Na
 
3
 
VO
 
4
 
, pH 7.2) supplemented with protease inhibitor cocktail Complete
(Roche Molecular Biochemicals) and centrifuged at 900 
 
g
 
 for 5 min. All
steps were conducted at 4
 
8
 
C. The pellet was then resuspended in 200 
 
m
 
l
fractionation buffer, homogenized by using a ball-bearing homogenizer,
and centrifuged at 900 
 
g
 
 for 5 min to remove nuclei and intact cells. The
postnuclear supernatant was transferred to a microfuge tube (Beckman)
and centrifuged at 25,000 
 
g
 
 for 10 min to collect the heavy membrane
(HM) fraction enriched in mitochondria, followed by centrifugation of the
post-HM supernatant at 100,000 
 
g
 
 for 10–20 min to obtain the microsomal
and cytosolic fractions. All pellets were resuspended in a volume of frac-
tionation buffer equivalent to the cytosolic volume. All fractions were
then resuspended to equivalent volumes with lysis buffer and evaluated by
Western blotting.
We were unable to detect cytochrome 
 
c
 
 in the cytosolic fractions of
both nonneuronal and neuronal primary cells and cell lines undergoing
apoptosis induced by a variety of stimuli, even at multiple timepoints. The
lack of detectable cytochrome 
 
c
 
 in the cytosol may indicate its rapid
degradation once it has been released into the cytosol (Deshmukh and
Johnson, 1998; Neame et al., 1998; Martinou et al., 1999; Putcha et al.,
1999).
 
Alkali Extraction
 
The postnuclear supernatant from sympathetic neurons (
 
z
 
2–4 
 
3
 
 10
 
6
 
) was
isolated as described above and aliquoted equally into three microfuge
tubes. Samples were centrifuged at 
 
z
 
25,000 
 
g
 
 for 10 min to collect the HM
fractions. The post-HM supernatants were pooled, centrifuged at 100,000 
 
g
 
for 10–20 min to obtain the microsomal and cytosolic fractions, and pre-
pared for immunoblot analysis as described above. The HM pellets were
then resuspended in 800 
 
m
 
l fractionation buffer, 0.2 M Na
 
2
 
CO
 
3
 
, pH 11.5,
or 1% (wt/vol) SDS, incubated at 4
 
8
 
C for 30 min while rotating, and cen-
trifuged at 25,000 
 
g
 
 for 10–20 min to retrieve the HM pellets. These pellets
were resuspended in a volume of fractionation buffer equivalent to one-
third the cytosolic volume and prepared for Western blot analysis as de-
scribed above. Mitochondrial integral membrane proteins are resistant to
 
1
 
Abbreviations used in this paper:
 
 BAF, boc-aspartyl(OMe)-fluorometh-
ylketone; DIV, days in vitro; HM, heavy membrane. 
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extraction by 0.2 M Na
 
2
 
CO
 
3
 
, yet sensitive to extraction by 1% SDS,
whereas peripheral membrane proteins are extracted by both treatments.
 
Microinjections and Quantitation of Cell Death
 
These experiments were performed as described previously (Deshmukh
and Johnson, 1998). In brief, sympathetic neurons were maintained in
NGF for either 5 or 25 DIV and treated for 
 
z
 
36–48 h with NGF, anti-
NGF, or anti-NGF plus 1 
 
m
 
g/ml cycloheximide. Cells were then microin-
jected with 25 mg/ml bovine cytochrome 
 
c
 
 and rhodamine dextran dye. At
each timepoint after the injections, the number of microinjected cells that
remained viable was determined by using morphological criteria and ex-
pressed as a percentage of the total number of microinjected cells.
 
Results and Discussion
 
Trophic Factor Withdrawal in Immature Sympathetic 
Neurons Triggers the Translocation of BAX from the 
Cytosol to Mitochondria, Integration into 
Mitochondrial Membranes, and Cytochrome c Release
 
Neonatal sympathetic neurons were maintained in the
presence of NGF (50 ng/ml) for either 
 
z
 
5 (immature) or
25 d (mature). Cells were then deprived of NGF for vari-
ous periods, and the subcellular localization of BAX and
Figure 1. BAX and cyto-
chrome  c undergo subcellu-
lar redistribution during
trophic factor withdrawal in
immature, but not mature,
sympathetic neurons. Neu-
rons were maintained in NGF
for z5 (immature; DIV 5) or
25 d (mature; DIV 25) and
then deprived of NGF in the
presence of 50 mM BAF. At
the indicated times, neurons
were fixed and immuno-
stained for BAX (a–d, i) or
cytochrome  c (j). All cells
were costained with Hoechst
33258 (e–j). The number of
cells exhibiting punctate
BAX staining or diffuse cyto-
chrome c staining was deter-
mined, with 200–250 cells
counted for each condition.
Mean  6 SEM, n $ 3. Bar, 5
mm. Please note that a, b, e,
and f have been reported pre-
viously in Putcha et al. (1999)
and are included only for
comparison. 
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cytochrome 
 
c
 
 was determined by using both immunocy-
tochemistry (Fig. 1) and subcellular fractionation (Fig. 2).
The pan-caspase inhibitor BAF was added to the cultures
at the time of deprivation to prevent any cell death that
might otherwise have complicated cell counts.
NGF-maintained, immature sympathetic neurons ex-
hibit diffuse BAX staining (Putcha et al., 1999) and punc-
tate cytochrome 
 
c
 
 staining (Deshmukh and Johnson, 1998;
Neame et al., 1998; Martinou et al., 1999; Putcha et al.,
1999), consistent with cytosolic and mitochondrial local-
izations, respectively (Fig. 1, a, i, and j). With NGF de-
privation, BAX staining changed to a punctate pattern
that colocalized extensively with mitochondrial markers
(e.g., cytochrome oxidase subunit VIc), consistent with the
redistribution of BAX to mitochondria (Fig. 1, b and i).
Accordingly, we observed loss of punctate, mitochondrial
cytochrome 
 
c
 
 staining, consistent with the release of cyto-
chrome 
 
c
 
 from mitochondria and its subsequent degra-
dation in the cytosol (Fig. 1 j). This loss of mitochondrial
cytochrome 
 
c
 
 requires BAX, since sympathetic neurons
from 
 
Bax
 
2
 
/
 
2
 
 mice maintain punctate cytochrome 
 
c
 
 stain-
ing, even after 1 wk of NGF deprivation (Fig. 1 j; Desh-
mukh and Johnson, 1998).
Recently, two groups reported that BAX did not trans-
locate from the cytosol to mitochondria during cell death
in nonneuronal cell lines. Instead, they suggested that
BAX already at the mitochondria undergoes a conforma-
tional change that exposes the NH
 
2
 
 terminus (Goping et
al., 1998; Desagher et al., 1999). To distinguish between
these two possibilities, we also examined the localization
of BAX and cytochrome 
 
c
 
 by using subcellular fraction-
ation. In NGF-maintained immature sympathetic neurons,
BAX primarily localized to the cytosol, whereas cyto-
chrome 
 
c
 
 was found exclusively in mitochondria (Fig. 2 a).
NGF deprivation induced the translocation of BAX from
the cytosol to mitochondria, leading to the loss of mito-
chondrial cytochrome 
 
c
 
 (Fig. 2 a). Taken together with our
previous findings (Putcha et al., 1999), the results shown in
Fig. 1 and Fig. 2 demonstrate that trophic factor with-
drawal in immature sympathetic neurons induced the
translocation of BAX from the cytosol to mitochondria,
followed by the loss of mitochondrial cytochrome 
 
c
 
.
Figure 2. NGF deprivation induces the translocation of BAX and cytochrome c in immature, but not mature, sympathetic neurons.
DIV 5 or DIV 25 neurons were deprived of NGF for (a) 30 h (DIV 5) or (b) 96 h (DIV 25), and the subcellular localization of BAX and
cytochrome c was examined by subcellular fractionation. Lactate dehydrogenase (LDH) and cytochrome oxidase subunit IV (COX IV)
served as markers for the purity of the cytosolic (C) and HM fractions, respectively, and as markers for equal protein loading. 
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BAX is found in both the cytosolic and mitochondrial
fractions of various tissues and cells, including sympathetic
neurons, both in vivo and in vitro (Fig. 2 a and Fig. 3 a;
data not shown) (Hsu et al., 1997; Eskes et al., 2000). To
determine whether BAX associated with mitochondria is
integrated into mitochondrial membranes, we performed
alkali extraction of the mitochondrial fractions from NGF-
maintained and -deprived immature sympathetic neurons
(Fig. 3 a). Mitochondrial integral membrane proteins are
resistant to extraction by 0.2 M Na
 
2
 
CO
 
3
 
, yet sensitive to
extraction by 1% SDS, whereas peripheral membrane pro-
teins are extracted by both treatments. In NGF-main-
tained cells, mitochondrial BAX was extracted by alkali
treatment, indicating that under normal conditions, a
small amount of cellular BAX is loosely associated with
mitochondrial membranes. Conversely, mitochondrial BAX
from NGF-deprived sympathetic neurons was resistant to
alkali extraction, consistent with its insertion into mito-
chondrial membranes. Thus, trophic factor withdrawal in
immature sympathetic neurons induced the translocation
of BAX from the cytosol to mitochondria and integration
of BAX into mitochondrial membranes.
 
NGF Deprivation in Mature Sympathetic Neurons Does 
Not Induce BAX Translocation, Cytochrome c Release, 
or the Development of Competence-to-Die
 
In contrast to immature sympathetic neurons, which show
complete loss of viability 48–72 h after NGF deprivation,
trophic factor withdrawal in mature neurons does not in-
duce significant cell death, even after weeks of deprivation
 
(Easton et al., 1997). Functionally, these mature neurons
behave like 
 
Bax
 
-deficient cells. That is, all known bio-
chemical and molecular events induced by NGF depriva-
tion upstream of the BAX/BCL-2 checkpoint (e.g., c-Jun
phosphorylation), but not those downstream (e.g., 
 
c-fos
 
 in-
duction), occur with similar kinetics in both 
 
Bax
 
2
 
/
 
2
 
 imma-
ture and 
 
Bax
 
1
 
/
 
1
 
 mature neurons (Easton et al., 1997). Ac-
cordingly, like 
 
Bax
 
2
 
/
 
2
 
 sympathetic neurons (Deshmukh
and Johnson, 1998), trophic factor withdrawal in mature
neurons did not induce loss of mitochondrial cytochrome
 
c
 
, even after 1 wk of deprivation (Fig. 1 j and Fig. 2 b). Since
neither the mRNA (Greenlund et al., 1995) nor protein
(Easton et al., 1997) level of BAX decreases with matura-
tion and since the subcellular compartmentalization of
BAX contributes to the regulation of its proapoptotic ac-
tivity, we examined whether inhibition of BAX transloca-
tion contributes to the inability of mature sympathetic
neurons to release cytochrome 
 
c
 
 and their consequent re-
sistance to cell death induced by trophic factor withdrawal.
Like their immature counterparts, NGF-maintained mature
neurons primarily exhibited a diffuse, cytosolic distribution
of BAX by both immunocytochemistry (Fig. 1, c and i)
and subcellular fractionation (Fig. 2 b and Fig. 3 b). How-
ever, in contrast to immature neurons, NGF deprivation in
mature neurons did not induce the translocation of BAX
from the cytosol to mitochondria (Fig. 1, d and i, Fig. 2 b,
and Fig. 3 b). Moreover, mitochondrial BAX was sensitive
to alkali extraction in both NGF-maintained and deprived
mature sympathetic neurons (Fig. 3 b). Thus, NGF depri-
vation in mature sympathetic neurons did not induce the
translocation of either BAX or cytochrome 
 
c
 
. Moreover,
Figure 3. NGF deprivation induces the integration of BAX into mitochondrial membranes in immature, but not mature, sympathetic
neurons. DIV 5 or DIV 25 neurons were deprived of NGF for (a) 30 h (DIV 5) or (b) 96 h (DIV 25), and the subcellular localization of
BAX was examined by subcellular fractionation with alkali extraction by using 0.2 M Na2CO3, pH 11.5. SDS (1% wt/vol) served as a
positive control for the extraction of integral membrane proteins. C, cytosol; 1, HM fraction extracted with isotonic buffer; 2, HM frac-
tion extracted with 0.2 M Na2CO3; 3, HM fraction extracted with 1% SDS. In a, the apparent extraction of some mitochondrial BAX by
alkali treatment in NGF-deprived immature neurons may indicate that not all mitochondrial BAX was integrated into mitochondrial
membranes at this particular timepoint. 
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since BAX is required for cytochrome 
 
c
 
 release (Fig. 1 j;
Deshmukh and Johnson, 1998) and since the expression of
BAX is essentially unchanged in immature and mature
sympathetic neurons (Greenlund et al., 1995; Easton et al.,
1997), our observations further indicate that BAX translo-
cation per se was necessary for cytochrome 
 
c
 
 release,
caspase activation, and apoptosis induced by trophic factor
withdrawal in these cells.
Although BAX-dependent cytochrome 
 
c
 
 release is nec-
essary for NGF deprivation–induced cell death in imma-
ture sympathetic neurons, it is not sufficient, since cyto-
plasmic accumulation of cytochrome 
 
c
 
 does not induce
apoptosis in NGF-maintained cells. Sympathetic neurons
must also develop competence-to-die, a process that re-
quires neither macromolecular synthesis nor BAX expres-
sion (Deshmukh and Johnson, 1998). Only activation of
both signaling pathways, BAX-dependent cytochrome 
 
c
 
release, and the development of competence-to-die, is suf-
ficient to ensure rapid and efficient neuronal apoptosis af-
ter trophic factor withdrawal. To determine whether
mature neurons develop competence-to-die after NGF
withdrawal, we examined whether cytoplasmic accumula-
tion of cytochrome 
 
c
 
 was sufficient to induce cell death in
NGF-deprived, mature sympathetic neurons. Immature
and mature sympathetic neurons were deprived of NGF
for 36–48 h in the presence or absence of cycloheximide
and then microinjected with holocytochrome 
 
c
 
. In imma-
ture neurons, cycloheximide prevents cell death yet allows
the development of competence induced by NGF depriva-
tion (Deshmukh and Johnson, 1998). At various times af-
ter microinjection, cell viability was assessed. As shown in
Fig. 4, cytoplasmic microinjection of cytochrome c did not
induce cell death in NGF-deprived, mature sympathetic
neurons, even with 1 wk of deprivation (data not shown)
or with a fivefold higher concentration of cytochrome c
than that required for immature cells (i.e., 25 vs. 5 mg/ml).
Therefore, these neurons did not develop competence-to-
die. Thus, the results shown in Fig. 1–4 demonstrate that
inhibition of both BAX-dependent cytochrome c release
and the development of competence-to-die was responsi-
ble for the loss of trophic factor dependence associated
with neuronal maturation.
Taken together with other reports (Deshmukh and
Johnson, 1998; Eskes et al., 1998, 2000; Goping et al., 1998;
Gross et al., 1998; Neame et al., 1998; Nechushtan et al.,
1999; Putcha et al., 1999; Antonsson et al., 2000), our re-
sults suggest the following model. Trophic factor with-
drawal in immature sympathetic neurons induces two par-
Figure 4. Mature sympathetic neurons do not develop compe-
tence-to-die with cytoplasmic microinjection of cytochrome c.
Cells were maintained in NGF for z5 (immature; diamonds) or
z25 d (mature) and then treated for 36–48 h with NGF (circles),
anti-NGF (squares), or anti-NGF plus 1 mg/ml cycloheximide
(CHX; triangles and diamonds). Cells were then microinjected
with 25 mg/ml bovine cytochrome c and rhodamine dextran dye.
At each timepoint after the injections, the number of microin-
jected cells that remained viable was determined and expressed
as a percentage of the total number of microinjected cells. Mean 6
range, n 5 2.
Figure 5. Schematic diagram
of the sequence of critical
events that occurs during
sympathetic neuronal death
induced by NGF deprivation.
ROS, reactive oxygen species;
CHX, cycloheximide; cyt c,
cytochrome  c. CHX appears
to inhibit the induction of
genes required for the multi-
merization and translocation
of BAX to mitochondria (and
its subsequent integration
into mitochondrial mem-
branes). The identities of
these specific gene products,
the expression of which may
be regulated by c-Jun, are un-
known. During development,
neurons become progres-
sively less dependent on tar-
get-derived trophic support. Inhibition of both BAX-mediated cytochrome c release and the development of competence-to-die is re-
sponsible for this loss of trophic factor dependence.Putcha et al. Mechanisms Causing Loss of Trophic Factor Dependence 1017
allel processes: (a) the development of competence-to-die
with cytoplasmic accumulation of cytochrome c, which re-
quires neither macromolecular synthesis nor Bax expres-
sion; and (b) the protein synthesis–dependent, caspase-
independent translocation of BAX from the cytosol to
mitochondria, followed by the integration of BAX into
mitochondrial membranes and the loss of mitochondrial
cytochrome c. This latter process requires the induction of
some unidentified gene products, which are critical to the
multimerization and translocation of BAX to the mito-
chondrial outer membrane, where it inserts and promotes
the release of apoptogenic factors, such as cytochrome c,
into the cytosol. This leads to the formation of a functional
apoptosome, caspase activation, substrate cleavage, and
cell death. With maturation, sympathetic neurons become
markedly less dependent on target-derived trophic sup-
port, both in vivo (Angeletti et al., 1971; Bjerre et al., 1975;
Goedert et al., 1978; Otten et al., 1979) and in vitro (Laz-
arus et al., 1976; Chun and Patterson, 1977; Easton et al.,
1997). Failure of both arms of the cell death cascade in-
duced by NGF deprivation in immature cells, BAX-
dependent cytochrome c release, and the development of
competence-to-die, contributed to this loss of trophic fac-
tor dependence in mature sympathetic neurons (Fig. 5).
Age-related decreases in target-derived trophic factor
dependence, which have been reported for several neu-
ronal populations (Snider et al., 1992), serve as an impor-
tant homeostatic mechanism for maintenance of the adult
nervous system. A defect in the process whereby neurons
become progressively less dependent on trophic support
with maturation may sensitize adult neurons to a variety of
pathological insults, thereby contributing to neuronal cell
dysfunction and death in neurodegenerative disorders.
We thank A. Barbieri, L. Bernstein, P. Stahl, and M. Linder for assistance
with subcellular fractionation and alkali extraction; C. Michael Knudson
(University of Iowa, Iowa City, IA) and Stanley J. Korsmeyer (Dana-Far-
ber Cancer Institute, Boston, MA) for Bax-deficient mice; Patricia A. Os-
borne for assistance with neuronal dissections; Mary Bloomgren for secre-
tarial assistance; and members of the Johnson lab for their critical review
of this manuscript.
This work was supported by National Institutes of Health grants
R37AG-12947 and RO1NS38651 (E.M. Johnson, Jr.) and a Paralyzed
Veterans of America Spinal Cord Research grant (M. Deshmukh). 
Submitted: 20 March 2000
Revised: 24 April 2000
Accepted: 26 April 2000
References
Angeletti, P.U., R. Levi-Montalcini, and F. Caramia. 1971. Analysis of the ef-
fects of the antiserum to the nerve growth factor in adult mice. Brain Res. 27:
343–355.
Antonsson, B., S. Montessuit, S. Lauper, R. Eskes, and J.-C. Martinou. 2000.
Bax oligomerization is required for channel-forming activity in liposomes
and to trigger cytochrome c release from mitochondria. Biochem. J. 345:271–
278.
Bjerre, B., L. Wiklund, and D.C. Edwards. 1975. A study of the de- and regen-
erative changes in the sympathetic nervous system of the adult mouse after
treatment with the antiserum to NGF. Brain Res. 92:257–278.
Chun, L.L.Y., and P.H. Patterson. 1977. Role of nerve growth factor in the de-
velopment of rat sympathetic neurons in vitro. I. Survival, growth, and dif-
ferentiation of catecholamine production. J. Cell Biol. 75:694–704.
Deckwerth, T.L., J.L. Elliott, C.M. Knudson, E.M. Johnson, Jr., W.D. Snider,
and S.J. Korsmeyer. 1996. Bax is required for neuronal death after trophic
factor deprivation and during development. Neuron. 17:401–411.
Desagher, S., A. Osen-Sand, A. Nichols, R. Eskes, S. Montessuit, S. Lauper, K.
Maundrell, B. Antonsson, and J.-C. Martinou. 1999. Bid-induced conforma-
tional change in Bax is responsible for mitochondrial cytochrome c release
during apoptosis. J. Cell Biol. 144:891–901.
Deshmukh, M., and E.M. Johnson, Jr. 1998. Evidence of a novel event during
neuronal death: development of competence-to-die in response to cytoplas-
mic cytochrome c. Neuron. 21:695–705.
Easton, R.M., T.L. Deckwerth, A.S. Parsadanian, and E.M. Johnson, Jr. 1997.
Analysis of the mechanism of loss of trophic factor dependence associated
with neuronal maturation: a phenotype indistinguishable from Bax deletion.
J. Neurosci. 17:9656–9666.
Eskes, R., B. Antonsson, A. Osen-Sand, S. Montessuit, C. Richter, R. Sadoul,
G. Mazzei, A. Nichols, and J.-C. Martinou. 1998. Bax-induced cytochrome c
release from mitochondria is independent of the permeability transition
pore but highly dependent on Mg21 ions. J. Cell Biol. 143:217–224.
Eskes, R., S. Desagher, B. Antonsson, and J.-C. Martinou. 2000. Bid induces
the oligomerization and insertion of Bax into the outer mitochondrial mem-
brane. Mol. Cell. Biol. 20:929–935.
Goedert, M., U. Otten, and H. Thoenen. 1978. Biochemical effects of antibod-
ies against NGF on developing and differentiated ganglia. Brain Res. 148:
264–268.
Goping, I.S., A. Gross, J.N. Lavoie, M. Nguyen, R. Jemmerson, K. Roth, S.J.
Korsmeyer, and G.C. Shore. 1998. Regulated targeting of Bax to mitochon-
dria. J. Cell Biol. 143:207–215.
Greenlund, L.J., S.J. Korsmeyer, and E.M. Johnson, Jr. 1995. Role of Bcl-2 in
the survival and function of developing and mature sympathetic neurons.
Neuron. 15:649–661.
Gross, A., J. Jockel, M.C. Wei, and S.J. Korsmeyer. 1998. Enforced dimeriza-
tion of Bax results in its translocation, mitochondrial dysfunction and apop-
tosis. EMBO (Eur. Mol. Biol. Organ.) J. 17:3878–3885.
Hsu, Y.T., K.G. Wolter, and R.J. Youle. 1997. Cytosol-to-membrane redistribu-
tion of Bax and Bcl-XL during apoptosis. Proc. Natl. Acad. Sci. USA. 94:
3668–3672.
Johnson, M.I., and V. Argiro. 1983. Techniques in the tissue culture of rat sym-
pathetic neurons. Methods Enzymol. 103:334–347.
Lazarus, K.J., R.A. Bradshaw, N.R. West, and R.P. Bunge. 1976. Adaptive sur-
vival or rat sympathetic neurons cultured without supporting cells or exoge-
nous nerve growth factor. Brain Res. 113:159–164.
Martinou, I., S. Desagher, R. Eskes, B. Antonsson, E. Andre, S. Fakan, and
J.-C. Martinou. 1999. The release of cytochrome c from mitochondria during
apoptosis of NGF-deprived sympathetic neurons is a reversible event. J. Cell
Biol. 144:883–889.
Neame, S.J., L.L. Rubin, and K.L. Philpott. 1998. Blocking cytochrome c activ-
ity within intact neurons inhibits apoptosis. J. Cell Biol. 142:1583–1593.
Nechushtan, A., C.L. Smith, Y.T. Hsu, and R.J. Youle. 1999. Conformation of
the Bax C-terminus regulates subcellular location and cell death. EMBO
(Eur. Mol. Biol. Organ.) J. 18:2330–2341.
Otten, U., M. Goedert, M. Schwab, and J. Thibault. 1979. Immunization of
adult rats against 2.5S NGF: effects on the peripheral sympathetic nervous
system. Brain Res. 176:79–90.
Putcha, G.V., M. Deshmukh, and E.M. Johnson, Jr. 1999. Bax translocation is a
critical event in neuronal apoptosis: regulation by neuroprotectants, Bcl-2,
and caspases. J. Neurosci. 19:7476–7485.
Ruit, K.G., P.A. Osborne, R.E. Schmidt, E.M. Johnson, Jr., and W.D. Snider.
1990. Nerve growth factor regulates sympathetic ganglion cell morphology
and survival in the adult mouse. J. Neurosci. 10:2412–2419.
Shindler, K.S., C.B. Latham, and K.A. Roth. 1997. Bax deficiency prevents the
increased cell death of immature neurons in Bcl-X-deficient mice. J. Neuro-
sci. 17:3112–3119.
Snider, W.D., J.L. Elliot, and Q. Yan. 1992. Axotomy-induced neuronal death
during development. J. Neurobiol. 23:1231–1246.
White, F.A., C.R. Kellerpeck, C.M. Knudson, S.J. Korsmeyer, and W.D.
Snider. 1998. Widespread elimination of naturally occurring neuronal death
in Bax-deficient mice. J. Neurosci. 18:1428–1439.